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Objectives-Measures capable of detecting early alterations of brain function during acute cerebral ischaemia have not been adequately defined. Internal carotid artery (ICA) test occlusions provide a well controlled environment to investigate the eVects of reversible acute hemispheric hypoperfusion on brain function. A continuous time estimation task was developed that reliably demonstrated alterations in higher cerebral function before development of any deficits in elementary neurological function during ICA balloon catheter test occlusions. In the present study, we hypothesised that alterations in our behavioural task would correlate significantly with absolute level of ipsilateral CBF. Methods-Twenty five patients underwent awake ICA test occlusions during which sustained attention and ipsilateral CBF were measured simultaneously using our time estimation task and the intracarotid 133 Xe washout method. Alteration in sustained attention was correlated with CBF after occlusion using Fisher's exact test. Results-Deterioration in sustained attention was significantly associated with ipsilateral CBF below 30 ml/g/min (Fisher's exact test, p=0.047). Changes in individual patients' performance on the behavioural task correlated in real time with changes occurring either at the point of occlusion or at a specific threshold of induced hypotension. Sensitivity for our behavioural test in predicting CBF was 75%; specificity 70%. Conclusions-Monitoring sustained attention during carotid balloon test occlusions seems to be a sensitive means to detect decreases in CBF as measured by 133 Xe washout. Correlation between higher cerebral function and CBF can allow more detailed investigations of physiological relations between cerebral haemodynamics and brain function in human conditions of cerebral ischaemia. Acute occlusion of the internal carotid artery (ICA) occurs in various settings, including atherothrombotic stroke, carotid dissection, and carotid endarterectomy. Whereas the consequences of unanticipated ICA occlusion are unpredictable, ranging from no symptoms to devastating hemispheric infarction, patients with inoperable carotid aneurysms or head and neck tumours involving the carotid artery often undergo intentional, temporary ICA occlusion in anticipation of possible carotid sacrifice required for treatment. Such "test occlusions" provide a well controlled environment to investigate the eVects of reversible acute hemispheric hypoperfusion on brain function. If the temporary occlusion produces no ill eVects for the patient, it is assumed that the collateral circulation from other arterial routes is suYcient for the patient to tolerate permanent occlusion of that carotid.
The standard ICA test occlusion relies on periodic neurological examinations and quantitative cerebral blood flow measurements to monitor the eVects of the occlusion.
1-4 Good clinical measures capable of detecting early alterations of brain function during acute cerebral ischaemia are lacking, however. The extent to which ischaemic neurons remain functional may be diVerent for gross deficits such as hemiparesis compared with higher cerebral functions such as sustained attention. 5 We developed a simple continuous time estimation task as a quantifiable measure of sustained attention, and showed that the test consistently detected subtle changes in brain function before the emergence of any gross neurological deficit in awake patients undergoing carotid test occlusions. 6 In the current study, we applied our sustained attention monitoring technique to a series of patients undergoing carotid balloon test occlusions, and simultaneously measured ipsilateral hemispheric cerebral blood flow by the intracarotid 133 Xe washout method. We wished to test the hypothesis that alteration in sustained attention would correlate significantly with hemispheric CBF, and provide a more sensitive measure of cerebral ischaemia for ICA test occlusion. This is the first study to our knowledge to test the association between early changes in higher cerebral function and decreased CBF. Xe injection, using two cadmium telluride scintillation detectors placed over the lateral frontal and parietal cortex ipsilateral to the carotid occlusion. CBF was calculated with tracer data collected between 20 and 80 seconds after injection, which provided a value weighted toward grey matter. 7 Arterial blood samples for measurement of PaCO 2 and packed cell volume were obtained with each hemispheric CBF determination. Neurological function and performance of the time estimation task (see below) were assessed at the time of baseline CBF measurement. Then, while the patient performed the behavioural task, the balloon was inflated, pressures recorded, and CBF was determined again. As the test occlusion proceeded, standard neurological examinations were done 5 minutes after occlusion, and then every 4-5 minutes between the 3-5 minute blocks of the continuous time estimation procedure (fig 1) . The neurological examination, performed by a neurologist, consisted of a standard protocol testing motor and sensory function in the face and limbs, visual fields, verbal fluency and comprehension, and visual extinction to double simultaneous stimuli. If the patient remained clinically stable with initial occlusion, intravenous sodium nitroprusside was then given to induce stages of increasing, graded hypotension to challenge further the adequacy of collaterals. 1 8 9 Nitroprusside was titrated, beginning at a dose of 0.5 µg/kg/min and gradually increased up to 1-2 µg/kg/min, to achieve a mean arterial pressure (MAP) of 60%-70% of the patient's preocclusion baseline MAP. Neurological and time estimation task assessments were continued during the hypotensive phase. CBF was recorded again in most patients at the maximum hypotensive stage. The balloon was deflated if either (a) the patient tolerated carotid occlusion for 30 minutes, including hypotensionconsidered to be a "pass" of the test occlusion, or (b) the patient developed dysarthria, aphasia, field cut, or weakness or sensory loss in the contralateral face, arm, or leg during the procedure. Angiography was repeated after balloon deflation to ensure that no embolic arterial occlusions or vasospasm had occurred.
Materials and methods

SUBJECTS
Time estimation task
Patients were taught a continuous time estimation procedure as a measure of sustained attention, described in detail elsewhere. 6 Patients were instructed to press a computer mouse button, and then to press it again no sooner than 10 seconds but no longer than 13 seconds after the previous response. The hand ipsilateral to the target carotid artery was used to minimise any eVect of contralateral hemiparesis on the task performance. A correctly timed response resulted in a tone; mistimed responses produced a diVerent sound. The interresponse time (IRT) clock, measuring the time between consecutive mouse presses, was restarted with every response. The patients were told to make their estimations as precisely as possible to maximise the number of "correct" tones. Each testing block was composed of 20 time estimation responses. The total number of responses made by each patient under each condition varied between 20 and 90 depending on how long they spent in each condition (for example, how long in the occlusion condition before hypotension was begun), but typically patients completed two to three blocks of 20 responses per condition. Patients were trained on the task before the test occlusion until further trials did not improve performance. Performance at that point was interpreted as "baseline." Once in the angiography suite, baseline IRT performance was established with the catheter in place but before balloon inflation. The balloon was then inflated and assessments of performance on the task were obtained during ICA occlusion and under the condition of occlusion plus hypotension as described above.
DATA ANALYSIS
Fisher's exact test was used to test the strength of association between hemispheric CBF and change in IRT performance. Patients were grouped into those whose CBFs dropped below 30 ml/100 g/min and those whose CBFs remained at or above 30 ml/100 g/min. This threshold CBF value represented 2 SD below normal mean blood flow and has been cited as a threshold value in recent investigations. 10 11 CBFs were not known at the time of the IRT testing, so no observer bias could be introduced. The performance measure of interest for the IRT task was variability in precision of time estimation, a behavioural parameter 
12 Variability was represented in this study simply by the variance in timing responses under each condition. As patients' attention waned, their time estimations varied further outside the target of 10 to 13 seconds. For each patient the change in IRT variance from baseline performance to performance under the occlusion condition was measured. For those patients in whom hypotension was induced and there was a CBF measurement at hypotension, the performance under occlusion plus hypotension was used to compare with baseline. Although all patients performed the time estimation task continually throughout the test occlusion, the total number of time estimations made varied from patient to patient. "Baseline" was therefore taken as the final 20 time estimations before occlusion, "occlusion" condition was taken as the first complete block of 20 responses made after occlusion (beginning about 1 to 3 minutes after balloon inflation), and "occlusion plus hypotension condition" as the block of 20 time estimations made at maximum hypotension. A logarithmic transformation was used to reduce skew from outliers. A threshold for change in IRT variance of log ratio=0.85 was chosen to achieve 75% (top quartile) sensitivity for the task (see results section). Of note, there was a range of abilities on the test at baseline across patients tested. Because the log ratio of the change in IRT variance was used as the performance measure, patients acted as their own controls, "normalising" measurement of perfomance outcome.
Results
All patients were able to understand the task and perform it according to instructions. Table  1 summarises the patient characteristics, IRT variances, and CBF data for all patients under baseline and occlusion conditions. Of the 25 test occlusions, CBF measurements were made at hypotension in 15. Average baseline CBF for all patients was 46 (SD 10.9) ml/100 g/min. Of the 25, 12 patients had a drop in CBF to below 30 ml/100 g/min in the occlusion or occlusion plus hypotension condition; 13 remained above 30 ml/100 g/min. Some worsening of IRT performance was seen in all but four patients. Among those whose CBF dropped below 30 ml/100 g/min, the average IRT variance change was log ratio 1.52, representing a 4.5-fold increase in IRT variance. The average IRT change for those whose CBF remained above 30 ml/100 g/min was log ratio 0.93, representing a 2.5-fold increase in variance. Taking a log ratio of 0.85 as a cut oV for change in IRT performance achieved a sensitivity of the IRT test of 75%. Specificity for the IRT test at this degree of change was 70%. The association between hemispheric CBF and change in IRT was statistically significant (Fisher's exact test, p=0.047, two tailed, S Plus statistical package) (table 2). The linear correlation between change in IRT and CBF was negative (greater change in IRT correlated with lower CBF), but not statistically significant (r=−0.23, NS).
The standard neurological examination was also administered during the test occlusion. In five patients, arm weakness occurred-in two after occlusion alone and in three after hypotension was induced. Although the specificity was 100% for this sign (all five with hemiparesis had falls in CBF to below 30 ml/100 g/min), the sensitivity of the standard neurological examination was only 33% (10 had significant falls in CBF without any sign of weakness). No other neurological sign from the standard examination protocol was seen in any patient. Angiographic images taken after test occlusions showed that no embolic arterial occlusions had occurred. All adverse motor and sustained attention eVects reversed when the balloon was deflated. Three patients underwent extracranial-intracranial bypass based on the appearance of a hemiparesis and deterioration in IRT performance during the test occlusion. Figure 2 illustrates one patient's performance (patient 7) on the IRT time estimation task during test occlusion and under conditions of diVerent pharmacologically induced blood pressures. During this test occlusion, clear alterations in time estimation accuracy were seen, related to changes in systemic blood pressure. A mild right pronator drift appeared at the lowest blood pressure during this test occlusion, then disappeared as the pressure was allowed to increase. 
Discussion
We found a significant association between performance on a sustained time estimation task and level of ipsilateral cerebral blood flow during temporary carotid artery occlusion. Our findings suggest that a simple, quantifiable, and reproducible test of higher cerebral function can detect early changes in hemispheric CBF during carotid test occlusion with greater sensitivity than the standard neurological examination. Sustained attention may be reversibly altered in this setting, and used to monitor a patient's tolerance of hypoperfusion. In addition to the potential clinical utility of this protocol for ICA test occlusions, to our knowledge this is the first study to quantify an association between real time changes in cerebral blood flow and higher cerebral function in a controlled setting using human subjects. Our results suggest a strong relation between hemispheric hypoperfusion and altered brain function. Studies of cerebral haemodynamics show that autoregulatory mechanisms work to preserve cerebral metabolic rate of oxygen (CMRO 2 ) in the face of falling cerebral perfusion pressure and falling cerebral blood flow. [13] [14] [15] This study did not consider whether sustained attention deteriorated when maximal vasodilation was reached, when oxygen extraction was maximised, or at some other physiological point along a path of reversible ischaemia. By dichotomising our patients into those whose CBFs fell above or below a specific threshold (30 ml/100 g/ min) we obtained a statistically significant correlation with our behavioural performance measure. It might be hypothesised that specific brain regions or a combination of regions must receive a minimum level of blood flow for a patient to maintain good performance on the task, and that below that threshold, the behaviour will begin to fail. The existence of a threshold CBF above which brain function remains normal and below which it deteriorates may be the reason why there did not seem to be a linear correlation of behaviour along a continuum of CBF values. We chose our CBF threshold value a priori to be consistent with recent investigations, representing 2 SD below mean CBF in normal subjects. 10 11 Exact neuronal ischaemic thresholds have not been determined in awake patients, and may diVer among individual patients based on age, degree of atherosclerosis, and perhaps most important, on the brain function being measured.
The IRT is a novel means of monitoring brain function in the setting of ICA test occlusions. 6 Because we did not know in advance how much of a deterioration in time estimation performance would be clinically relevant, we chose a priori a performance threshold that would provide a sensitivity of 75%. This sensitivity was more than twice that of limb weakness as a sign of low CBF in our patients. Although we were left with three test occlusions in which the IRT did not change but the CBFs fell to below 30 ml/100 g/min, the specificity of our IRT test remained at 70%. For those patients in whom sustained attention remained unchanged but the CBF dropped to below 30 ml/100 g/min, it may be that the CBF threshold for altered attention was lower than in other patients. For the four patients in whom there was a significant deterioration in timing behaviour, but the CBF remained above 30 ml/100 g/min, it may be that our test was sensitive enough to detect behavioural changes even with minimal decreases in CBF. CBF detector placement and timing of radioactivity count acquisition may also have played a part in these cases. The anatomical substrate of our time estimation task is not yet known. Both sustained attention and timing are required for the task. Dysfunctional short duration timing behaviour has been correlated in other studies with damage to the cerebellum, 16 the basal ganglia, 17 18 the frontal lobes 19 and, in one patient, to the suprachiasmatic nucleus of the hypothalamus. 20 Sustained attention has been mapped to paramedian structures such as the anterior and posterior cingulate gyri, and the right prefrontal and superior parietal lobes. 21 Because we saw both passes and failures of the IRT with both right and left hemisphere, our data may suggest that the test is not hemisphere specific. It may be that sustained attention and timing behaviour are broadly distributed or at least bihemispherically represented. A lack of hemispheric specificity for the task would make the test more useful clinically, as it could then be used with test occlusion of either carotid. We tested far more right ICAs than left ICAs, however, making our numbers too small to test formally for hemispheric laterality. The site of greatest hypoperfusion after occlusion of an ICA will vary according to individual variation in circle of Willis anatomy, but it most often occurs in the "watershed" between the middle and anterior cerebral arteries. Deterioration on our timing task may therefore localise to the high cortical convexity on either hemisphere. It is interesting to note that with the exception of one patient, our behavioural task demonstrated eVects of carotid occlusion in the absence of or before proximal arm weakness occurred, a function which has been mapped to this distal field region. 22 23 The one patient who developed arm weakness before the development of deterioration in performance of the IRT test had hypotension induced more precipitously than all others, with the mean arterial pressure dropping from 78 to 50 mm Hg in 4 minutes.
We conclude that continuous monitoring of higher cerebral function during carotid balloon test occlusion is not only feasible, but robust and quantifiable. Behavioural monitoring during carotid balloon test occlusion seems to be more sensitive than the standard neurological examination to predict decreases in CBF as measured by 133 Xe washout. A clear correlation between a continuous behavioural task and a physiological measure of cerebral blood flow may provide a basis to predict other haemodynamic, physiological, and behavioural eVects in other human conditions of acute cerebral ischaemia.
